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Introduction
Glycogen particles are intimatelly associated with sarcoplasmic reticulum ( S R ) 1 in rabbit skele tal muscle (W anson and Drochm ans, 1972, Entm an et al., 1980) . Subcellular fragm entation al lows for preparation of glycogenolytic sarcoplas mic reticulum com plexes (Entm an et al., 1980). M oreover, S R m em brane preparations from rabbit skeletal muscle contain large amounts of phosphorylase in its dephosphorylated form (b form ), and also glycogen and several enzymes di- rectly involved in energy m etabolism in muscle, such as myokinase, creatine kinase and A M P de aminase (Cuenda et al. 1994) . Early studies with G L -S R have shown that this association allows to trigger a faster glycogen phosphorolysis at the on set of skeletal muscle contraction (Entm an et al., 1980) .
Since the phosphorylated phosphorylase (a form ) has low affinity for binding to S R m em branes (Cuenda et al., 1991), G L -S R acts as a phosphorylase b reservoir in skeletal muscle cells due to the large S R m em brane network o f these cells (Cuenda et al., 1995) . The activity o f phos phorylase b is dependent o f A M P and, under physiological conditions which raise the A M P levels in skeletal muscle sarcoplasm such as anoxia and during contraction (Busby and Radda, 1976, Newsholme and Leech, 1983) glycogen phospho rolysis in the vicinity of S R membranes should be stimulated.
Using purified S R m em branes and purified gly cogen phosphorylase b from rabbit skeletal muscle we have shown that this association can form in vitro a m etabolic shuttle by coupling glycogenoly sis to support C a2+ uptake through production of A TP in the vicinity of the S R C a2+,Mg2+-A TPase (Cuenda et al., 1993) . This m etabolic pathway can be written as follows. 0 9 3 9 -5 0 7 5 /9 6 /0 7 0 0 -0 5 9 1 $ 06.00 © 1996 Verlag der Zeitschrift für Naturforschung. All rights reserved. method (Dubois et al., 1956) , using glycogen as standard, and was found to be on average 25 ± 5 (.ig glycogen per mg of protein (n > 10). C a2+ uptake by G L -S R m em branes was m ea sured with the use o f 45C a2+ and M illipore HA filters as indicated elsewhere (Cuenda et al., 1993) . All the data reported in this paper are the average of triplicate experim ents carried out with, at least, two different G L -S R preparations.
where G lc 1-P and G lc 6-P are glucose-l-phosphate and glucose-6-phosphate, respectively; and 1 -4 are the enzymes phosphorylase, PG M , hexokinase and C a2+,Mg2+-A TPase, respectively. As noted in (Cuenda et al., 1993) , a m ajor bioenergetic advantage o f this com partm entalized m eta bolic pathway is the efficient use in the cell of low concentrations of high energy phosphate in the form o f A TP generated from low energy phos phate compounds, such as G lc 6 -P. The flux through this m etabolic pathway will be blocked upon activation of the glycogen phosphorylase b kinase at the onset of muscle contraction, because the phosphorylated a form of glycogen phospho rylase has low affinity for binding to S R mem branes (Cuenda et al., 1991) .
In this communication we report experimental data showing that our previous results in rabbit skeletal muscle can be extended to rat skeletal muscle where a G L -S R subcellular structure is also present. Using the isolated G L -S R from rat skeletal muscle we show that this m etabolic shuttle should operate more efficiently in physiological conditions where the A M P concentration raises in the m icrom olar range, such as ischemic muscle and in tetanic or long lasting contractions.
Materials and Methods
G L -S R has been prepared from skeletal muscle of male Fischer rats, following the protocol of Entm an et al. (1980) . Phosphorylase of rat skeletal muscle was prepared as described by G utierrez-M erino et al. (1980) . The protein concentration was determined using the method of Lowry (Lowry et al., 1951) , with bovine serum albumin as standard.
The glycogen content of G L -S R preparations has been measured following the phenol sulfuric
Enzym e assays
The ATPase activity was m easured using the coupled enzyme system pyruvate kinase/lactate dehydrogenase as indicated in Cuenda et al. The PGM and hexokinase activities were m ea sured at 35 °C using the coupled enzyme glucose 6-phosphate dehydrogenase with the following as say mixture: 100 mM Tes-Tris (pH 7.0)/ 50 mM KC1/ 10 mM MgCl2/ 20 mM H 2P 0 4K/ 50 [am C aC l2/ 0.48 mM N A D P +/ 1 IU glucose 6-phosphate dehydroge nase, and 10 mM glucose 1-phosphate/ 50 [im glu cose 1.6-diphosphate for PGM activity m easure ments or 3 m M glucose/ 2 m M A TP for the hexokinase activity assay medium. Variations in N A D P + absorbance were recorded at 340 nm.
The A M P content of A D P solutions had been determ ined using the coupled enzyme AM P-deaminase as indicated in Tovmasian et al. (1990) , with a value for the differential extinction coeffi cient ( G A m p ~ G IMP) at 265 nm of 8 .2 x l 03 M~' cm -1 .
Chemicals
Bovine serum albumin, ADP, AMP, ATP, phosphoenolpyruvate, E G T A , glucose-1,6-diphos phate, glucose 6 -phosphate, Tris (T R IZ M A base) and T E S were obtained from Sigma. Glycogen, A p5A , N A D H , N A D P+, calcimycin, pyruvate ki nase, lactate dehydrogenase, PGM , hexokinase and glucose 6-phosphate dehydrogenase were purchased from Boehringer Mannheim. H exoki nase and PG M were sulfate-free by centrifugation. A ll the other chemicals used in this study were obtained from M erck.
Results and Discussion
Our G L -S R preparations from Fischer rats skel etal muscle had a phosphorylase activity which is dependent upon the presence o f A M P and it is inhibited by caffeine (Fig. 1A ) , therefore, indicat ing that the phosphorylase bound to these com plexes is mainly in its b (dephosphorylated) form. This is a property shared with the G L -S R complex from rabbit skeletal muscle (Entm an et al., 1980) . The G L -S R and the S R from rabbit skeletal mus cle also had myokinase activity (Entm an et al., 1980; Cuenda et al., 1994), which produces A TP from A M P and ADP, and this would interfere with the assays of Ca2+ uptake supported by glycogen phosphorolysis in the absence o f added ATP. We, thus, confirm ed the presence o f myokinase activity of the G L -S R com plex from rat skeletal muscle, which on average was found to be 0.14 ± 0.05 [imol A D P per min per mg G L -S R protein. Because the S R C a2+ pump is highly efficient even in the pres- ence of microm olar A TP concentrations we added to all the assays 50 |.im o f the myokinase inhibitor A p5A, a concentration which produced full inhibi tion of the myokinase activity of the rat G L -S R complex (data not shown).
When the assay medium is supplemented with the enzymes PG M , hexokinase and A D P plus the physiological PG M activator glucose 1,6-diphos phate, glycogen phosphorolysis by the phosphorylase associated with the rat G L -S R com plex sup ports Ca2+ uptake in the absence o f added A TP ( Fig. IB and 2) . The overall activities o f hexoki nase and PGM added to the assay medium are much lower than those present in the sarcoplasm of rat skeletal muscle (Clark and Lardy, 1984) . In hibition o f the phosphorylase activity of the G L -S R by caffeine blocks C a2+ uptake (Fig. IB ) . In separate control experiments, the effect o f caffeine on PGM and hexokinase activities was measured. Caffeine (up to 10 mM) was found without signifi cant effect on the activity of PGM and o f hexoki nase, as it produced less than 10% inhibition of their enzymatic activities when assayed under the same experim ental conditions with varying con centrations of their substrates, glucose-l-phosphate (up to 10 m M ) and glucose (up to 3 mM)/ A TP (up to 2 m M ), respectively (results not shown). Ca2+ uptake shows an absolute require ment for PGM and hexokinase activities in the as say medium, such that removal of any of these en zymes results in blockade o f C a2+ uptake (data not shown). In the absence of the PGM activator gluco se -1,6-diphosphate the rate of Ca2+ uptake is largely reduced (Fig. IB ) . The inhibition o f C a2+ uptake by 50 mM glucose, which blocks the pro duction of glucose and A TP from glucose-6 -phosphate and ADP, see also Fig. IB , demonstrated the need of the hexokinase activity to couple glycogen phosphorolysis to Ca2+ uptake by G L -S R . It is to be noticed that G L -S R preparations retain low amounts o f hexokinase, as indicated by activity measurem ents (data not shown). However endog enous hexokinase activity is not able to sustain a measurable Ca2+ uptake. Similarly, the glycogen content of G L -S R preparations is too low to relia bly measure C a2+ uptake in the absence of added exogenous glycogen.
As indicated above, the activity of phosphoryl ase associated with G L -S R preparations is depen dent upon AMP. Fig. 3 shows that Ca2+ uptake is stimulated by AMP, in the concentration range that stimulates the phosphorylase activity of the G L -S R (Fig. 3 B ) , and in the range of A M P co n centrations present in the cytoplasm of skeletal muscle cells, which has been reported to range b e tween 2 and 10 (.im in resting muscle (Newsholme and Leech, 1983; Yamada and Sugi, 1987) , raising up to 1 0 0 -2 0 0 (am during long-lasting exercise or in ischemic muscle (Newsholme and Leech, 1983) . The results shown in the Fig. 3B also point out that the K () 5 of A M P and the shape of the dependence upon A M P of Ca2+ uptake is different to that of the phosphorylase activity of G L SR. This result suggests that above a given concentration of A M P (> 0.1 mM) glycogen phosphorolysis is not the only rate-limiting step of this process. This is probably due to enhanced Ca2+ release from S R fragments by submillimolar concentrations of A M P (M eis sner, 1984) , that can counterbalance Ca2+ uptake. If this hypothesis is correct, addition of phospho rylase purified from rat skeletal muscle should produce a steeper dependence of Ca2+ uptake upon A M P concentration and higher levels of Ca2+ uptake at saturation by AMP. The results shown in the Fig. 4 are in good agreement with this prediction. In addition, the results of Fig. 4 demonstrated that the higher the phosphorylase concentration, the lower the concentration of A M P required to produce significant C a2+ uptake by G L -S R prepa rations, e.g. the lower the K 05(A M P ) values. This effect is not due to an altered Ca2+ dependence of the C a2+ pump of the S R membrane in the pres- noted here that previous studies carried out in our laboratory with rabbit S R preparations showed that phosphorylase b binding to S R m em branes does not alter C a2+ binding to the C a2+,M g2+-ATPase, nor the C a2+ dependence of this activity (Cuenda et al., 1995) . Since the concentration of phosphorylase in skeletal muscle sarcoplasm is > 1 0 mg/ml (Fischer et al., 1978) , i.e. more than 100-fold higher than that used in the experim ents reported in this study, these results indicate that this process takes place more efficiently at the concentrations o f A M P reached in anoxia or dur ing skeletal muscle contraction, 1 0 0 -2 0 0 [.im (Busby and Radda, 1976; Newsholme and Leech, 1983) . The comparison of these data with those o b tained in the presence of 2.5 mM A TP points out that the Ca2+ uptake saturates at approxim ately 200 nmol Ca2+/mg protein in both sets of data, and that the rate of Ca2+ uptake supported by glycogen phosphorolysis is about 5% of that obtained in the presence o f 2.5 m M ATP. Attem pts to directly measure the steady state concentration o f A TP during C a2+ uptake coupled to glycogen phospho-rolysis failed, indicating that the A T P is kinetically compartmentalized in the G L -S R , i.e., the synthe sized A TP has a restricted diffusion to the bulk medium. In several other cellular and subcellular systems, glucose metabolism in m em brane associ ated com partm ents has been dem onstrated to be functionally related to the activity of membrane ion pumps or channels through localized A TP syn thesis (Paul et al., 1988; Weiss and Lamp, 1989; de Meis et al., 1992; M ontero-Lom eli and de Meis, 1992) . Com partim entalized A TP synthesis has also been demonstrated in skeletal muscle triads, which consist of transverse tubules connected to adjacent terminal cisternae of the SR m em brane (Han et al., 1992) . The local concentration o f A TP in the G L -S R can be estim ated from the dependence of the C a2+,Mg2+-A TPase activity o f G L -S R upon Mg2+-A TP (Fig. 5 B ) . From the data shown in this Figure we obtain a steady state local concentration of 1 -2 [.i m M g2+-ATP.
In conclusion, in rat skeletal muscle the associa tion o f glycogenolysis in G L -S R mem branes pro duces A TP nearby the SR C a2+,M g2+-ATPase which is employed to drive the C a2+ pump of the SR . as schematically drawn in the Fig. 6 . This could lead to an efficient and faster decrease of cytosolic Ca2+ during the relaxation of the muscle, at a m etabolic energy cost clearly lower than pro duction of A TP elsewhere in the cell by glycolysis or by mitochondrial respiration. The com partm en talized production of A TP in G L -S R subcellular structures should increase in physiological situa tions in which the A M P concentration o f the sarcoplasm is raised, such as in ischemia and in longlasting contractions (Busby and Radda, 1976; Newsholme and Leech, 1983) , and might serve to protect muscle cells against the toxic effects o f sus tained high C a2+ levels in the sarcoplasm.
